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BASIC RESEARCH STUDIES
Clinical and experimental data indicate that the
cause of paraplegia after thoracoabdominal aortic
replacement is multifactorial. Temporary or perma-
nent interruption of spinal cord circulation is
believed to be one of the most important causative
factors in the development of neuromuscular deficit.
Wadouh et al1 directly measured PO2 of the spinal
cord surface in pigs after simple thoracic aortic
crossclamping and reported that the primary cause
of spinal cord injury was oxygen deficiency in the
area distal to the aortic occlusion and supplied by
critical intercostal arteries. In a dog model of graded
spinal cord ischemia, Ishizaki et al2 measured
intrathecal, epidural, and spinal cord oxygen tension
with a mass spectrometer and showed a significant
correlation between intrathecal and spinal cord oxy-
gen tension. Recently, we have demonstrated that
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cerebrospinal fluid (CSF) oxygen tension measured
by a multiparameter sensor is sensitive to detect
spinal cord ischemia in a pig model induced by a
simple thoracic aortic crossclamping without a
shunt.3 In the present study, we have developed a
new experimental model in pigs by interruption of
collateral circulation from subclavian arteries and
insertion of an aortic shunt in which spinal cord
blood flow is dependent on segmental arteries from
T12 to L1. The alterations in spinal cord blood flow
during preservation or exclusion of the segmental
arteries were studied by on-line intrathecal oxy-
gen–tension monitoring.
MATERIAL AND METHODS
Eighteen Swedish domestic pigs (Sus scrofa
domestica), nine males and nine females that weighed
from 20.8 to 35.0 kg (mean, 26.2 kg) were premed-
icated with tiletamine 3 mg/kg and zolazepam 3
mg/kg (Zoletil 100) and xylazine 2.2 mg/kg
(Rompun vet). Anesthesia was induced with morphine
20 mg and pancuronium bromide 8 mg (Pavulon)
intravenously. A tracheostomy was performed, and
ventilation was maintained with an oxygen and air
mixture that provided 40% oxygen (to assure oxy-
genation with PaO2 of 14-22 kPa). The animals were
connected to a respirator (900D Servoventilator;
Siemens Elema, Solna, Sweden) with a tidal volume of
approximately 10 mL/kg. Arterial blood gas analysis
was used to set the respiratory rate to provide 
normoventilation at baseline (PCO2 5.3-5.7 kPa). A
moderate positive end-expiratory pressure of 4 cm
water was used. Anesthesia was then continued with
intravenously administered infusion consisting of glu-
cose 25 mg/mL, 5 g Ketamine hydrochloride (100
mg/mL), 120 mg morphine, and 60 mg pancuroni-
um bromide (Pavulon) at a rate of 4 mL/kg. A con-
tinuous infusion of isotonic saline solution (154
mmol/L) was given for basal fluid requirements at 10
mL/kg during the whole procedure. Normothermia
was maintained with warm fluids and the use of a ther-
mostatically controlled heating pad. Right carotid and
femoral arteries were catheterized (Ohmeda 18 gauge;
Medical Devices Division, Beeton Dickinson Medical
System, Franklin Lakes, NJ) for arterial pressure mon-
itoring. A flow-directed Swan Ganz catheter (Ohmeda
7F; Medical Devices Division) was introduced
through the right internal jugular vein for measure-
ments such as cardiac output, pulmonary artery pres-
sure, pulmonary capillary wedge pressure, mixed
venous saturation, and core temperature. Central
venous pressure was monitored through the right
jugular vein. All hemodynamic pressures were record-
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ed with Ohmeda transducers (Medical Devices
Division) connected to a Siemens Sirecust 1280/1281
surveillance monitor and a printer (Siemens Medical
Electronics Inc, Danvers, Mass). The electrocardio-
gram was continuously recorded. A urinary catheter
was inserted by direct puncture of the bladder for
urine output monitoring. A median sternotomy was
performed, and the dissection was extended to the
abdominal aorta and the left common iliac artery
through a median retroperitoneal incision. Circum-
ferential dissection of the left diaphragm and anterior
mobilization of the left kidney was performed. The left
subclavian artery just distal to the aortic arch, the right
subclavian artery immediately after its origin from the
brachiocephalic trunk, and the entire descending tho-
racic and abdominal aorta together with the iliac arter-
ies were dissected. The abdominal visceral, intercostal
(T4-13), and lumbar arteries were also dissected. After
these preparations, a limited distal thoracic laminecto-
my was performed; over an arterial needle introducer,
a multiparameter PO2, PCO2, pH, and temperature
sensor (Paratrend 7; Biomedical Sensors, High
Wycombe, UK) was introduced into the intrathecal
space for continuous monitoring of PO2, PCO2, and
pH in CSF. The principles and the use of this method
for detection of spinal cord ischemia during experi-
mental and preliminary clinical aortic crossclamping
has previously been reported.3,4 This probe consists of
a combined electrode fiber-optic system that simulta-
neously measures PO2, PCO2, pH, and temperature
after a 30-minute calibration period. A laser Doppler
probe (probe T201; Perimed, Järfälla, Sweden) was
placed posterior to the dura (cranial to the level of
Paratrend catheter insertion) and connected to a laser
Doppler flowmeter (Pf2B; Perimed) for measurement
of the spinal cord flux (SCF). After a stabilization peri-
od of 30 minutes and baseline hemodynamic mea-
surements, Paratrend and laser Doppler recordings
were obtained. Paratrend-derived measurements were
always obtained 3 minutes after each clamp manipula-
tion to allow equilibrium between spinal cord and
CSF. A nonheparinized plastic tube was inserted as an
aortic shunt through the proximal left subclavian
artery close to the aortic arch and to the distal abdom-
inal aorta through the proximal left common iliac
artery. The thoracic aorta just distal to the left subcla-
vian artery was clamped, and the distal aortic perfusion
was restored after 3 minutes through the aortic shunt.
Volume flow through the shunt was continuously
monitored by transit-time ultrasonography (probe
6RB32; Transonic Systems Inc, Ithaca, NY). Shunt
flow was recorded on a printer (BBC Goertz
metrawatt, SE 120; Goertz, Wien, Austria). The aver-
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age volume flow through the shunt was calculated as
the mean flow at each minute. The right subclavian
artery was also clamped, followed by interruption of all
the lumbar arteries with ligatures except for L1; 3 min-
utes were allowed for CSF recordings before place-
ment of the distal aortic clamp below the level of T12
or L1. The animals were divided randomly into two
groups (Fig 1) depending on the level of the distal aor-
tic crossclamping: group A (n = 9 animals), distal aor-
tic crossclamping caudal to the level of L1 and perfu-
sion of only the visceral arteries through the aortic
shunt, Group B (n = 8): distal aortic crossclamping
cranial to the level of T12 and perfusion of the spinal
cord (T12-L1) together with the visceral arteries via
the aortic shunt. Double aortic crossclamping was
kept for 60 minutes followed by a 60-minute reperfu-
sion period. Paratrend and laser Doppler recordings
were continuously obtained during aortic crossclamp-
ing and reperfusion. One pig was excluded because of
bleeding problems, giving a hypotensive state (hemor-
rhagic shock) and thereby occlusion of the shunt. In
the present study, laser Doppler flowmetry was used in
12 experiments (7 experiments in group A and 5
experiments in group B) because of lack of equipment
in 5 cases. Hemodynamic measurements were
obtained before aortic crossclamping, before declamp-
ing, and 30 and 60 minutes after declamping. The pigs
were killed with 10 to 20 mL of potassium chloride
(Addex potassium chloride) after the last measure-
ments. All animals were treated in compliance with the
“Principles of Laboratory Animal Care” and the
“Guide for the Care and Use of Laboratory Animals”
(National Institutes of Health Publication No. 80-23,
revised 1985). Study approval was obtained from the
local Ethics Committee for animals.
The Mann-Whitney U test was used for a com-
parison between groups, and Wilcoxon signed rank
test was used for paired data in statistical calculations.
All values are expressed as mean ± SEM. A P value of
less than .05 was considered statistically significant.
RESULTS
One pig was excluded, and 17 animals were ana-
lyzed. In all animals, during proximal aortic cross-
clamping without shunt flow, CSF PO2 measure-
ment demonstrated a decrease from a mean value of
3.87 ± 0.54 kPa (median, 2.9 kPa; range, 1.70-10.0
kPa) to a mean of 1.45 ± 0.24 kPa (median, 1 kPa;
range, 0.4-4.0 kPa) in 3 minutes (P < .001).
Restoration of the distal aortic perfusion through
the shunt before placement of the distal aortic clamp
almost normalized the CSF oxygen tension in all
animals within 3 minutes. In group A, after the
placement of the distal aortic clamp, CSF PO2
declined rapidly (in 3 minutes) from 3.88 ± 0.75 kPa
to 1.18 ± 0.42 kPa (P = .008) and remained low
during clamping period (Fig 2). All animals in group
A demonstrated at least 50% (range, 50%-100%)
decrease of CSF oxygen tension after the application
of the distal aortic crossclamping compared with
preclamping values. The mean intrathecal oxygen
tension of 2.99 ± 0.70 kPa (range, 0.60-7.10 kPa) at
60 minutes of double aortic crossclamping in group
B was significantly higher than in group A (0.11 ±
0.11 kPa; P < .001; Fig 3). The CSF PCO2 measure-
ments in all animals showed a similar but an invert-
ed trend compared with the oxygen tension (Figs 4
and 5). It was significantly higher in group A 30 and
60 minutes after distal aortic crossclamping com-
pared with group B (P < .01). On the other hand,
contrary to the observations with PO2, there was no
significant increase in PCO2 values after 3 minutes of
distal aortic crossclamping in group A. CSF pH
measurements were significantly lower in group A at
30 and 60 minutes after distal aortic crossclamping
compared with group B. They were 6.48 and 6.38
in group A, 6.91 and 6.89 in group B, respectively
(P < .05). Paratrend-derived parameters demonstrat-
ed no significant changes after the application of
double aortic crossclamping in group B.
Fig 1. Schematic illustration of the experiment and the
placement of aortic crossclamps in groups A and B.
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The calculated average volume flow through the
shunt was 1012 mL/min (minimum flow range,
150-1200 mL/min; mean, 821 mL/min; SE, 79.9;
maximum flow range, 600-1630 mL/min; mean,
1211.4; SE, 70.0). The laser Doppler measure-
ments (SCF) during the whole procedure in both
groups are summarized in Figs 6 and 7. A dramatic
decrease of SCF (100%-8%; P < .001) was observed
in all animals after proximal aortic crossclamping
and then almost normalization (84%; P < .05) when
distal reperfusion through the shunt was obtained
in all 12 animals. There was no further significant
decrease in SCF during distal aortic occlusion in
group B. On the other hand, SCF values were
around 24% during distal aortic occlusion in group
A, which was similar to the CSF PO2 decline in the
same group.
DISCUSSION
Despite the use of various surgical methods and
pharmacologic adjunctive measures, irreversible spinal
cord ischemia leading to paraplegia continues to be
the most dreaded complication after thoracoabdomi-
nal aortic replacement. A number of intraoperative
monitoring methods such as somatosensory, motor-
evoked potentials, spinal-evoked potentials, and
intrathecal hydrogen-induced current impulse tech-
niques have been developed to detect spinal cord
ischemia.5-10 Somatosensory-evoked potentials have
been criticized by many authors because they may fail
to monitor directly the function of anterior spinal
cord motor tracts during aortic crossclamping and
seem to be too sensitive to body temperature changes,
anesthetic drugs, hemodilution, hypotension, and
hypoxia.11 Monitoring spinal cord function with
Fig 2. CSF PO2 measurements in group A throughout
the whole experiment. Values are presented as mean ±
SEM. AXC, Aortic crossclamping; DAXC, double aortic
cross clamping.
Fig 3. CSF PCO2 measurements in group A throughout
the whole experiment. Values are presented as mean ±
SEM. AXC, Aortic crossclamping; DAXC, double aortic
cross clamping.
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motor-evoked potentials is a relatively new technique,
and recording myogenic motor responses evoked by
either transcranial or spinal electrical stimulation has
been shown to be effective in assessing spinal cord
ischemia during interruption of critical blood supply;
this technique is not yet universally accepted.7-9
Intraoperative identification of those arteries that sup-
ply the spinal cord by use of an intrathecal platinum
electrode to detect hydrogen in solution that has been
injected into the aortic ostia has been successfully
used only in a small pilot study.10
We have recently demonstrated that CSF oxygen
tension monitoring with the Paratrend catheter in a
pig model with single proximal thoracic aortic
clamping without shunt for 30 minutes correlates
with changes in spinal cord microcirculation mea-
sured by laser Doppler flowmetry.3 Laser Doppler
flowmetry has previously been validated in experi-
mental spinal cord ischemia models, and a significant
correlation was found also between percent changes
of laser Doppler flowmetry and microsphere tech-
nique.12-14 Laser Doppler flowmetry has also been
shown to predict neurologic and histopathologic
outcome in a spinal cord ischemia model that has
been induced by thoracic aortic occlusion in cats.15
Disadvantages of this technique are the difficulty of
obtaining absolute values and the sensitivity to arti-
facts. It also requires laminectomy for placement of
the probe in the epidural space.
The present experimental model differs from our
previous study in the application of double aortic
crossclamping and an aortic shunt that resembles the
common surgical technique used for aortic replace-
ment. Interruption of the subclavian and lumbar arter-
Fig 4. CSF PO2 measurements in group B throughout
the whole experiment. Values are presented as mean ±
SEM. AXC, Aortic crossclamping; DAXC, double aortic
cross clamping.
Fig 5. CSF PCO2 measurements in group B throughout
the whole experiment. Values are presented as mean ±
SEM. AXC, Aortic crossclamping; DAXC, double aortic
cross clamping.
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ies converts the pig spinal cord circulation to be solely
dependent on the blood supply through segmental
arteries from T12 to L1 and provides the opportunity
to study the alterations in intrathecal oxygen tension
during and after crossclamping for 60 minutes below
the level of L1 (group A) and above the level of T12
(group B). This animal model with aortic shunt also
eliminates the possible deleterious effects of distal
organ ischemia-reperfusion and avoids the use of vari-
ous drugs for the prevention of proximal hypertension
that may influence spinal cord perfusion. The results of
this study demonstrate that continuous on-line moni-
toring of intrathecal oxygenation is sensitive for detec-
tion of alterations in spinal cord blood flow during
exclusion or preservation of distal thoracic and proxi-
mal lumbar segmental arteries. Despite the consider-
able range in baseline intrathecal PO2 values, similar
changes in response to aortic crossclamping were
demonstrated in all animals. The reason for lower
baseline CSF PO2 values in some animals might be due
to direct contact of the catheter with the spinal cord
because of limited amount of CSF in pigs. Spinal cord
PO2 values have been reported to be considerably
lower than the intrathecal PO2 values.2
The findings from the present study should be
interpreted cautiously with regard to the practical clin-
ical implications during thoracoabdominal aortic
surgery because the present experimental model lacks
clinical, histopathologic, or neurophysiologic out-
come. It was designed to assess the sensitivity of
intrathecal oxygen tension monitoring during preser-
vation or exclusion of some of the segmental arteries
Fig 6. Epidural laser Doppler measurements in group A
throughout the whole experiment. Values are presented as
mean ± SEM. AXC, Aortic crossclamping; DAXC, dou-
ble aortic cross clamping.
Fig 7. Epidural laser Doppler measurements in Group B
throughout the whole experiment. Values are presented as
mean ± SEM. AXC, Aortic crossclamping; DAXC, dou-
ble aortic cross clamping.
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by the use of an aortic shunt during aortic crossclamp-
ing compared with microcirculatory changes obtained
from laser Doppler flowmetry. To further validate CSF
PO2, PCO2, and pH as indicators of spinal cord
ischemia, quantitative studies to determine the critical
levels of Paratrend-derived parameters and crossclamp-
ing times that correlate with the loss of spinal cord
function and neurologic outcome are the subjects of
some of our ongoing projects. The return of CSF PO2
values to baseline after prolonged severe spinal cord
ischemia does not necessarily mean the return of spinal
cord function. For this reason, neurophysiologic out-
come with motor-evoked potentials is necessary for
further validation of the method, and PCO2 or pH may
be more valuable than PO2 in regard to the prediction
of the severity of spinal cord ischemia.
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